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I. INTRODUCTION 

The St ruc tura l  bhterials Division of t h e  Aerojet-General Corporation was 

awarded Contract NAS 3-4189 from the NASA L e w i s  Research Center, Advanced 

Rocket Technology Branch, t o  develop design improvements i n  l i n e r s  f o r  glass-  

f ilament-wound tanks. The design improvements should enable t h e  l i n e r  materials 

t o  t o l e r a t e  the  s t r a i n s  associated with the high f i b e r  s t resses  t y p i c a l  of t h i s  

type of pressure vessel .  The purpose of the  program i s  t o  increase t h e  s t r a i n  

tolerance of polymeric f i l m  and metal f o i l  l i n e r s  by the  incorporation of 

corrugations and p l e a t s .  

l i n e r  designs, for liquid-hydrogen tanks, that are capable of meeting repeated 

operating strains t o  2.5% i n  a l l  directions,  while withstanding a m x i m  

tank pressure of 175 p s i .  

Ultimate objectives of t h e  program are t o  e s t a b l i s h  

The reason f o r  t h e  i n t e r e s t  i n  filament-wound tankage i s  the  high 

demonstrated performnce of t h e  composite s t ruc ture .  This performance, with 

i t s  accompanying high operating f i b e r  s t r e s s e s  and s t r a i n s ,  introduces ex- 

tremely d i f f l c u l t  and, as yet, unresolved design problems when t h e  l i n e r ,  

necessary f o r  t h e  containment of the cryogenic f lu ids ,  i s  considered. This 

i s  because no homogeneous impermeable m t e r i a l  has been developed t h a t  can 

withstand repeated equal b id i rec t iona l  s t r a i n s  t o  2.5% a t  liquid-oxygen and 

Liquid-nitrogen temperatures. 

The pr inc ipa l  problems that must be  solved i n  t h i s  program a r e  ones of 

design. These problems associated with the design of t h e  corrugations are: 

the  shape; the spacing; methods of providing equal s t r a i n s  i n  a l l  d i rec t ions  

( i . e . ,  p a t t e r n  geometry); compatibility with hard points ;  techniques t o  support 

t h e  l i n e r  against  buckling and shearing away from t h e  composite w a l l ;  and 

adaptation, and integrat ion,  of l i n e r  and f ilament-winding process f o r  m x i m m  

compatibil i ty.  

Page 1 



I k t r o d u c t i o n  (cont . ) Report No. 0889-01-1 

The program has been directed t o  resolve the  design problems by the  

se l ec t ion  of materials of construction, t he  ana lys i s  of the geometric shape, 

spacing, and in te rsec t ions ,  the performnce of specimn tests using 8-in.-dia 

pressure  vessels,  and f i n a l l y  t h e  fabr ica t ion  and t e s t i n g  of th ree  18-in.-dia 

chambers. 

necessary for the  se lec t ion  of t h e  designs f o r  experimentation, and f o r  t h e  

d e f i n i t i o n  of geometries that provide the  required s t r a i n s  within the  e l a s t i c  

l i m i t  of t h e  l i n e r  m t e r i a l s .  

w i l l  p r ed ic t  accurately t h e  ves se lpe r fo rmnce  because of areas  of high local 

stress concentration which can reduce the  cycl ic  l i f e  of t h e  l i n e r ,  bu t  which 

are not r ead i ly  predicted by ana ly t i ca l  ana lys i s .  

cen t ra ted  on the empirical  r e s u l t s  obtained from specimen tests. 

prel iminary designs w i l l  be made through the  fabr ica t ion  and t e s t  of 1 4  l i n e d  

filament-wound tanks 8 i n .  i n  d i a  by 12-in. long. 

a design, or  designs, f o r  t h ree  l8- in . -dia  by 26-in. long filament-wound pres-  

sure  vesse ls  w i l l  be es tabl ished.  

tested t o  subs tan t ia te  t h e  design concepts. 

The a n a l y t i c a l  por t ion  of t h e  program has been l imited t o  t h e  ana lys i s  

It is not expected that the  t h e o r e t i c a l  ana lys i s  

The program i s  thus con- 

m l u a t i o n  of 

Based on these t e s t  data, 

These chambers w i l l  be fabr ica ted  and cyc l ic  

11. PROGRAM PLAN 

The schedule f o r  t h i s  program, based on completion of t h e  technica l  e f f o r t  

during a 12-month period, i s  presented i n  Figure 1. 

have been defined as Task I - Study and %sk I1 - 18-in.-dia  Specimens. 

Two m j o r  areas of e f f o r t  

A. TASK I - STUDY 

1. bhterials Selection 

This study has been es tab l i shed  t o  categorize t h e  physical  

and s t r u c t u r a l  p rope r t i e s  f o r  t h e  candidate l i n e r  mterials: 

a. Type 304 s t a in l e s s  s t e e l  

b. Aluminum al loy 

c .  Mylar or metal f o i l  laminated t o  Mylar 

d. Kel-F or  metal f o i l  laminated t o  Kel-F. 

Page 2 
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ABSTRACT n 

A materials se lec t ion  study has been conducted t o  e s t a b l i s h  Illaterial 

physical  p roper t ies  and evaluate  them i n  terms of fabr ica t ion  and design r e -  

quirements. 

def ine l i n e r  stresses and which control pa t t e rn  geometry. 

A geometric ana lys i s  has been made t o  develop equations which 

The S and crossing pa t t e rns  have been se lec ted  f o r  evaluation i n  the  

f i rs t  series of 8-in.-dia specimen tests based on r e s u l t s  of the  b i a x i a l  

s t r a i n  t e s t i n g .  Liners f o r  t he  f irst  series of t e s t  specimens w i l l  be 

f ab r i ca t ed  from Type 304 s t a i n l e s s  s t e e l  f o i l ;  1100 aluminum f o i l ;  IQlar 

laminated t o  aluminum f o i l ;  and Kel-F laminated t o  aluminum f o i l .  

S and crossing pa t t e rns  w i l l  be fabr icated from each of these mater ia ls  f o r  a 

t o t a l  of 8 specimens. 

with a Dacron-resin composite having 35% bosses and a length-to-diameter r a t i o  

of 1 .4 .  

Both t h e  

These specimens w i l l  be 8- in . -dia  chambers fabr ica ted  

Page iii 
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Included are a review of physical  p roper t ies  i n  r e l a t i o n  t o  

t h e  f ab r i ca t ion  and design requirements of the pressure vessels, and an evaluation 

of spec i f i c  p a t t e r n  geometries by b i -ax ia l  tension t e s t ing .  

2. Geomtric  Analysis 

This study was es tab l i shed  t o  provide a de ta i l ed  s t r u c t u r a l  

ana lys i s  of t he  elements of the  two bas ic  corrugation arrangements (crossing 

and S-shaped). A pararnetric s tudy w i l l  be mde, on an IBM 7094 computer, t o  

evaluate  corrugation designs i n  terms of material ,  physical  p roper t ies ;  i n t e r n a l  

pressure;  l i n e r  thickness;  depth of corrugations; r a d i i  of curvature; spacing; 

po in t  of support; cross-sect ional  shape; and coe f f i c i en t  of t h e r m 1  contract ion 

of l i n e r  and case. 

3. Specimen Tests ' 

Three series o f  8-in.-dia specimens tes ts  w i l l  be mde  under 

t h i s  s tudy t o  e s t a b l i s h  t h e  design for the  8-in.-dia vessels.  

a. Ser ies  No. 1 

The designs f o r  t h i s  s e r i e s  of e ight  specimens w i l l  be 

es tab l i shed  from t h e  s tudies  performed under the  se lec t ion  of materials and 

geometric ana lys i s .  Two basic  designs w i l l  be es tab l i shed  f o r  m e t a l  f o i l  l i n e r s  

and two f o r  polymer f i l m  l i n e r s .  All specimens w i l l  be tested i n  l i q u i d  

ni t rogen.  

b. Ser ies  No. 2 

Two designs f o r  t e s t  series No. 2 w i l l  be es tab l i shed  

based on tes t  r e s u l t s  of tes t  s e r i e s  No .  1, modified as required.  The se l ec t ion  

w i l l  be based on operating strains and number of cycles obtained. 

four  8-in.-dia specimens w i l l  be tested,  two i n  I l l2  and two i n  LH2. 
A t o t a l  of 

C .  Ser ies  N o .  3 

A f i n a l  design will be es tab l i shed  based on series No.  2. 

One specimen each w i l l  be fabr ica ted  f o r  t e s t i n g  i n  LN2 and LH2. 
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B. TASK I1 - ~ ~ - I N . - D I A  SPECIMENS 

The 18-in.-dia by 26-in. long filament-wound tanks f o r  t h e  second 

t a s k  w i l l  be fabr ica ted  t o  t h e  l i n e r  design (selected from !ksk I, with approval 

of the  ARTB Project b n a g e r )  found t o  be b e s t  f o r  appl icat ion with l i q u i d  

hydrogen. 

of Thsk 1 w i l l  be used i n  processing these  chambers. 

with LN2 and one chamber cycled with 5. These chambers w i l l  be cycled 100 

t i m e s ,  o r  u n t i l  f a i l u r e  occurs. 

Processes and tes t  techniques developed f o r  the  8-in.-dia specimens 

Two chambers w i l l  be cycled 

111. DISCUSSION 

A. SELECTION OF IWJ?ERIALS 

Two bas ic  tasks  were established under t h i s  study: establishment 

of the physical p roper t ies  of the candida.te mterials f o r  t h e  conq?osite, l i n e r s ,  

and corrugation support; and evaluation of mater ia ls  i n  terms of fabr ica t ion  

and design requirements. 

1. Establ ish Physical Propert ies  

a. Composite Structure 

The m x i m  expected operating pressure f o r  l i q u i d  

oxygen o r  hydrogen tankage i s  approximtely 175 p s i .  

filament-wound tank would be operating a t  a s t r a i n  l e v e l  of approximte ly  

2-1/24’0 a t  t h i s  pressure.  

function of t h e  chamber pressure, radius, thickness, and modulus. An ana lys i s  

has been mde t o  s e l e c t  a composite mter ia l  which w i l l  permit operating s t r a i n s  

of 2-1/2$ i n  the sm11 diameter specimens being fabr ica ted  under t h i s  program 

while s t i l l  m i n t a i n i n g  a realist ic chamber pressure and composite wall-thickness. 

Figure 2 presents  a p l o t  of chaniber pressure vs required longi tudinal  composite 

w a l l  thickness f o r  composite s t ructures  of both E-801 glass  and Ihcron. Curves 

are p l o t t e d  f o r  both 8 and 18-in.-dia vessels  operating a t  2.54’0 s t r a i n ,  based on 

mterial propert ies  modified f o r  crycgenic temperature (see References 1 and 2 ) .  

The minimum p r a c t i c a l  longi tudinal  composite w a l l  thickness i s  control led by 

the fabr ica t ion  process and i s  approximtely 0.008-in. f o r  t h e  g lass - res in  

composite and O.Ol5-in. f o r  the kcron-res in  composite. As shown i n  Figure 2, t h e  

An e f f i c i e n t  g lass - f iber  

Operating s t r a i n s  i n  the  composite s t r u c t u r e  are a 

Page 4 
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minimum operating pressure f o r  the  glass-resin composite i s  800 p s i  f o r  t h e  

8-in.-dia and 345 p s i  f o r  t h e  18-in.-dia chambers. 

can be obtained using a Dacron-resin composite i n  both t h e  8-in.-dia and 18-in.- 

d i a  specimens a t  composite w a l l  thicknesses of 0.017 and O.O37-in., respectively.  

A chamber pressure of 175 p s i  

S t resses  developed i n  the  l i n e r  support mterial are 

d i r e c t l y  proport ional  t o  the chamber pressure.  

support mterial i s  d i r e c t l y  re la ted  t o  this s t r e s s .  For t h i s  reason t h e  f i rs t  

series of 8-in.-dia chambers w i l l  be fabr icated with a k c r o c - r e s i n  composite, 

thus allowing a r e a l i s t i c  chamber pressure and minimization of support mater ia l .  

The amount and densi ty  of t h e  

b. Liner W t e r i a l s  

The basic  physical  p roper t ies  of t h e  candidate l i n e r  

mterials (Sections I I , A , l )  that mmt be establ ished as required by the geo- 

metric ana lys i s  a r e :  (1) y i e l d  strength, (2)  modulus of e l a s t i c i t y ,  (3) coef- 

f i c i e n t  of thermal expansion, and ( 4 )  permeability. 

with the exception of permeability, a r e  es tabl ished as a function of t e q e r a t u r e  

f o r  each of t h e  candidate l i n e r  materials (Reference 3 )  down t o  -320'F. 
data w i l l  be extrapolated down t o  -420 F, as required f o r  design. 

These physical  properties,  

These 
0 

The permeability of t h e  aluminum and s t a i n l e s s  s t e e l  

can be considered t o  be zero f o r  specimen design. A survey was made f o r  per-  

meabi l i ty  data f o r  t h e  candidate l i n e r  m t e r i a l s  Wlar  and Kel-F (References 

4 and 5 ) .  
reported a t  room temperature. The var ia t ions  appear t o  be the result of t h e  

t es t  method. 

reasons: f irst ,  t h e  l i n e r  m t e r i a l s  of s p e c i f i c  i n t e r e s t  i n  t h e  program are 

w e l l  defined by contract ;  and, second, t h e  reported permeabili ty data  i s  of 

questionable value t o  t h e  s p e c i f i c  problem a t  cryogenic temperature. 

Permeability values reported were not  consistent,  with most values 

No f u r t h e r  e f f o r t  w i l l  be  expended i n  t h i s  area f o r  t h e  following 

Fabrication of s a q l e  l i n e r  geometries for t e s t i n g  i n  

the b i a x i a l  s t r a i n  f i x t u r e  (discussed i n  Section I I I , A , 2 )  revealed t h a t  t h e  

ul t imate  elongation of 60$, reported i n  Reference 3, f o r  304 s t a i n l e s s  s t e e l  

was not  obtained during forming. 

304 s t a i n l e s s  s t e e l  ruptured a t  elongations of approximte ly  30%. 
Specimens which were formed from 1-mil Type 

The 
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elongation data reported i n  the  l i t e r a t u r e  were establ ished from much th icker  

mterial sect ions.  

t e n s i l e  tests were run on the  candidate l i n e r  m t e r i a l s  t o  e s t a b l i s h  a c t u a l  

u l t i m t e  elongations. Standard t e n s i l e  test  specimens p e r  ASTM E-861~ were 

pu l l ed  f o r  samples o f :  6-, 8-, 12-, and 1 6 4 1  1100 aluminum; 3- and 5 - m i l  
304 s t a i n l e s s  steel; and 3- and 6-mii 347 s t a i n l e s s  steel. The test  setup, 

and t y p i c a l  specimens before and a f t e r  failure are shown i n  Figure 3. 
these  tests are shown i n  Table 1 as  ul t imate  elongation and y i e ld  s t rength.  

data poin t  i s  t h e  average value of f i v e  t e n s i l e  specimns.  

values f o r  aluminum w e r e  25% below reported data, while those f o r  t h e  stainless 

steels w e r e  40% below. 

material thickness i s  c l e a r l y  established. 

A s  t h e  t o t a l  elongation i s  a function of mterial thickness, 

Results of 

Each 

U l t i m t e  elongations 

The t r end  of decreasing elongation with decreasing 

c . Corrugation Support 

A s  indicated by t h e  a n a l y t i c a l  ana lys i s  (see Section 

I I I , B ) ,  some type of corrugation support mterial w i l l  be required t o  minimize 

t h e  bending stresses i n  the  l i n e r  mterial. 

t o  e s t a b l i s h  def lec t ion  and load  relat ionships  a t  cryogenic t e q e r a t u r e s .  

Two types of f o a m  have been t e s t e d  

A 
2- lb / f t  3 densi ty  epoxy foam, and polyurethane foams of 3-, 5-, and 9- lb/f t  3 densi ty  

0 were compression t e s t e d  a t  -320 F. The t e s t  specimen was a r i g h t  c i r c u l a r  

cylinder 2 in .  i n  diameter and 4 i n .  high. The specimeris were immersed i n  LN 
and soaked f o r  30 min. A compression tes t  was then run on t h e  spec imn while 

s t i l l  submerged. 

2 

The 2-lb density epoxy foam w a s  b g n o l i a  Foam No. 1716, 
p a r t s  A and B, with a r a t i o  of 11 t o  1 by weight, respect ively.  

of t h i s  foam w e r e  t e s t ed .  

p ress ive  stress, f a i l  and r e l i eve  load, and repeat  t h e  process.  Test values f o r  

def lec t ion  and ul t imate  load have been es tab l i shed  a t  t h e  f i rs t  failure poin t .  

Two specimens 

These specimens would develop t h e i r  u l t imate  com- 

Specimen No. &f lec t ion ,  4% Compressive Strength, p s i  k d u l u s ,  p s i  

1 3.0 25.5 850 

2 2.5 19.1 765 

Page 6 
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The ultimte s t rengths  compare favorably t o  the  20-psi compressive s t rength  

reported f o r  2-lb densi ty  foam (Reference 6, p .  LLO). 
t h a t  a marked decrease i n  elongation, with l i t t l e  o r  no increase i n  ultimate 

strength,  can be expected with t h i s  mater ia l  a t  cryogenic temperature. 

This data indica tes  

Three specimens of Polyurethane foam were tes ted ,  one 

specimen each a t  dens i t i e s  of 3-, 6-, and 9- lb / f t  3 . The test  results f o r  these 

foams are summarized below: 

Density, l b / f t 3  &f lec t ion ,  5 Compressive Strength, p s i  Wdulus, p s i  

3 1.87 38.1 2030 

6 

9 

1.25 

1.87 

95.5 

151.0 

76 40 

8060 

Ultimte compressive s t rength  developed co r re l a t e  w e l l  

with data reported f o r  room temperature (Reference 6, p.  131). 
data ind ica t e  that, a t  cryogenic temperature, room-tenperature ultimate s t rength  

i s  obtained, accompanied by a la rge  reduction i n  maximum deflect ion.  

Again, these  

Samples of t.he polyurethane and epoxy foams are shown 

i n  Figure 4 after t e s t ing .  

2.  Evaluate f o r  Fabrication and Design Requirements 

a. Biaxial  Testing Fixture 

A b i a x i a l  s t r a i n  f i x t u r e  was fab r i ca t ed  t o  ve r i fy  t h e  

a n a l y t i c a l  design concepts f o r  the l i n e r  pa t t e rns  and e s t ab l i sh  t h e  s t r a i n  

capab i l i t y  of spec i f i c  corrugation and p a t t e r n  geometry. This fixture, with 

a t y p i c a l  pat terned specimen i n  place, i s  shown ready f o r  t e s t i n g  i n  Figure 5. 
These specimens w e r e  t e s t e d  by mrking a 3-in. gage length i n  each of t h e  

p r inc ip l e  stress planes and then loading t h e  specimen t o  s t r a i n s  of 1-1/2 

2 and 2-1/2$. 

process.  

The specimens w e r e  fabr ica ted  for t e s t i n g  by a rubber forming 

The fabr ica t ion  sequence is  shoim i n  Figure 6. 
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b. Sample Patterns 

Sample pa t te rns  of t h e  hel ix ,  chevron, crossing, 

modified crossing, and S-pattern were fabr ica ted .  Sketches of these  pa t t e rns  

are shown i n  Figure 7. 

It was o r ig ina l ly  an t ic ipa ted  t h a t  these  specimens 

could be s t r a ined  t o  2-1/2$ and then cycled t o  failure. 

f i r s t  f e w  samples it was apparent that cycling would not  be possible  because 

t h e  corners of t h e  spec imns  would y i e l d  during t e s t i n g  and prevent t h e  r e tu rn  

of t h e  specimens t o  i t s  i n i t i a l  gage length.  

accurate  determination of t h e  s t r e s s - s t r a in  re la t ionship  f o r  each pa t t e rn .  

However, these specimens were evaluated r e l a t i v e  t o  each other .  The specimens 

w e r e  r a t ed  by neglect ing t h e  corner e f f e c t s  and assuming t h e  pa t t e rn  reduced 

t h e  b i a x i a l  stress t o  a uniax ia l  condition. An e f fec t ive  modulus w a s  es tab l i shed  

fbr each p a t t e r n  by 

After t e s t i n g  of t h e  

This corner yielding a l s o  prevents  

where 

cr = pr inc ipa l  stress, p s i  1 
e = s t r a i n  i n  p r inc ipa l  s t r e s s  direct ion,  in . / in .  1 

B c h  of t h e  pa t t e rns  t e s t e d  i s  discussed below and an e f f ec t ive  modulus es tab l i shed  

a t  2-1/2 s t r a i n  o r  just  p r i o r  t o  any buckling. 

evaluated one t o  another, a l l  specimens were f ab r i ca t ed  from 3 -  or  5-mil-thick 

Type 304 s t a i n l e s s  steel. 

A s  these  specimens were being 

(1) Helix 

The specimen t e s t e d  was a 45' h e l i x  p a t t e r n  shown 

after t e s t  i n  Figure 8A. 

cen ter  spacing of 0.7 i n .  

stress planes a t  a s t r e s s  l e v e l  of 6286 p s i .  

250,000 p s i .  Buckling did not occur a t  any t i m e  during the  t e s t i n g .  The surface 

defec ts  shown i n  t h e  f igure  were present before t e s t i n g .  A ro t a t ion  of t h e  

p a t t e r n  Of 5 occurred. 

The corrugations had a radius  of 1/8-in. ,  with a 

The specimen reached 2-1/2$ s t r a i n  i n  t h e  two p r inc ip l e  

This gives an e f f ec t ive  modulus of 

0 

Page 8 



111 Discussion, A (cont . )  Report No. 0889-01-1 

( 2 )  Chevron 

The chevron p a t t e r n  tested, shown i n  Figure 8B, 

had a corrugation radius  of 1/8-in., with a center  spacing of 0.7 in .  

specimen started buckling a t  a s t r a i n  of 1-1/246. 

s t r a i n  was 8250 ps i ,  giving an e f f ec t ive  modulus of 550,000 p s i .  

This 

The p r inc ip l e  s t r e s s  a t  t h i s  

( 3 )  Crossing 

This specimen was fab r i ca t ed  with a 1/16-in.- 

rad ius  corrugation on 1- in .  centers.  The p a t t e r n  i s  a basket-weave type with 

a l t e r n a t i n g  crossovers. A t  a s t r a i n  of 2-1/2$ a p r inc ip l e  stress of 9822 p s i  

was developed, giving an e f f e c t i v e  modulus of 392,000 p s i .  Buckling occurred 

a t  the top of t he  crossovers a t  2.5$ s t r a i n .  This i s  i l l u s t r a t e d  in  Figure 8 C .  

(4) hbdified Crossing 

The modified crossing p a t t e r n  i s  shown i n  Figure 8D. 
Buckling of t h e  pa t t e rn  occurred at a s t r a i n  j u s t  above 246. 
stress of 11,700 p s i  the  e f f e c t i v e  modulus was 585,000 p s i .  
corrugations of 1/16-in. radius  spaced with 1- in .  centers .  

Based on a p r inc ip l e  
The p a t t e r n  had 

( 5 )  S-Pattern 

This pa t t e rn  i s  shown i n  Figure 8E. Corrugations 

have a 1/16-in. radius  with a minimum spacing poin t  of 0.25-in. 

occurred i n  t h i s  specirnen near one corner a t  a s t r a i n  of 246. 

s t r e s s  of 7857 p s i  w a s  developed giving an e f f e c t i v e  modulus of 390,000 p s i .  

Buckling 

A pr inc ip l e  

The e f f ec t ive  modulus and s t r a i n  reached j u s t  p r i o r  

t o  buckling are summarized f o r  each pa t t e rn  below: 

S t r a in  
Modulus Prior  t o  Buckling 

Pa t te rn  p s i  in . / in .  C o m n t s  

Helix 250,000 0.025 Pa t te rn  rotat ion,  5' 
Chevron 550,000 0.015 Buckling a t  low s t r a i n  l e v e l s  

Crossing 392,000 0.025 Buckling a t  top of crossover 

Modified Crossing 585,000 0.020 Highest e f f ec t ive  modulus 

S-pat t ern 390,000 0.020 L o w e s t  e f f ec t ive  modulus 
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B. GEOMETRIC ANALYSIS 

Select ion of spec i f i c  corrugation dimensions f o r  any given s e t  of 

design c r i t e r i a  can be much simplified by use of an ana lys i s  which will determine 

t h e  e f f e c t  of each parameter. 

for t h i s  purpose. 

poss ib le  t o  evaluate more than 250 d i f f e ren t  combinations of corrugation param- 

eters pe r  minute. 

The ana lys i s  given i n  t h e  appendix w a s  developed 

With the  computer program developed from the  appendix it i s  

Approximately 3000 variat ions i n  parameters have been invest igated,  

including geometry, mater ia ls  and support condition. P lo t s  are being made of 

t he  various geometry parameters as a funct ion of stress l e v e l  i n  order t o  

determine the  e f fec ts  of each variable.  Consideration of these  parameters 

i n  conjunction with dimensions of the i n i t i a l l y  se lec ted  pa t t e rns  f r o m t h e  

b i a x i a l  tes t  f i x t u r e  w i l l  define the spec i f i c  geometry f o r  t h e  8- in . -dia  tes t  

vesse ls .  

C. SERIES NUMBER ONE SPECIMEN TEST 

"he first s e r i e s  of specimen tes ts  cons is t  of t h e  design, fabr ica t ion ,  

and t e s t i n g  of e ight  8- in . -dia  pressure vessels .  

t e s t e d  i n  l i q u i d  nitrogen. 

A l l  of these vessels  will be 

1. Composite 

A l l  specimens w i l l  be fabr ica ted  with a Ihcron-resin composite 

as discussed i n  Section I I I , A , l , a .  The bas i c  configuration w i l l  be a 8- in . -dia  

chaniber by 12.50 i n .  long. 

welding of t h e  l i n e r .  

A 35% boss-to-diameter 

2. Liner 

Two bas ic  l i n e r  pa t te rns  will be 

of specimens. These will be the  S-pattern and the 

r a t i o  w i l l  be used t o  f a c i l i t a t e  

t e s t e d  i n  the  f i rs t  series 

crossing pa t t e rn .  These 

patterns have been se lec ted  on the  basis of the  b i a x i a l  s t r a i n  t e s t s  discussed i n  

Section I I I , A , 2 .  The S and crossing p a t t e r n s  had t h e  lowest e f f ec t ive  modulus of 

t h e  t e s t e d  p a t t e r n s  with t h e  exception of t h e  he l ix .  

eliminated because usage i n  tankage with high length  t o  diameter r a t i o s  would 

The h e l i x  p a t t e r n  w a s  

Page 10 
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requi re  l a r g e  ro ta t ions  of the  l i n e r  within t h e  composite s t ruc ture .  

spacing of both pa t te rns  w i l l  be established from t h e  a n a l y t i c a l  analysis,  as 

data obtained from t h e  b i a x i a l  s t r a i n  tes ts  a r e  not v a l i d  f o r  s p e c i f i c  design 

purpose. 

Final  

Four d i f f e r e n t  l i n e r  types w i l l  be fabr ica ted  f o r  t h e  f i r s t  

test  series. Both l i n e r  p a t t e r n s  w i l l  be fabr ica ted  with each l i n e r  type. The 

l i n e r  types a r e :  

a. Type 304 s t a i n l e s s  s t e e l  5-mil-in. th ick  f o i l  

b. Type 1100 aluminum, 12-mil-thick f o i l  

e .  Mylar-alumicum laminate, 2-mil Mylar by 1-mil aluminum 

d. Kel-F aluminum laminate, 2-mil Kel-F by 1-mil aluminum. 

The poljmer al-uinilim iaa ina tes  have been selected over polymer 

films on the b a s i s  that laminates in f l a t  sheets have outper forEd t h e  s t r a i g h t  

polymers i n  previous t e s t s ,  under NASA Contract NAS 3-2562. 

mterial combinations w i l l  minimize permeabili ty problems. 

The polyner-foi l  

3. Corrugation Support 

The a n a l y t i c a l  analysis  has indicated that an  e l a s t i c  support 

material f o r  t h e  corrugation should have a modulus of approximately 5000 t o  

10,000 p s i  and be capable of 5$ deflections at cryogenic temperatures. 

foams t e s t e d  t o  date (see Section I I I , A , l ) ,  6- and 9-lb/ft 
modulus near t h e  required value; however, def lect ion a t  cryogenic temperature 

w a s  i n  t h e  range of 1 t o  2%. 

near 3%, but had e x t r e E l y  low modulus. 

mater ia l  i s  mde, t e s t s  w i l l  be conducted with a s i l icone  f o a m  material f o r  

comparison. 

Of t h e  

polyurethanes have 3 

? The 2- lb/f t  derrsity epoxy foams had def lect ions 

Before f i n a l  selectior,  of t h e  back-up 

I V .  ANTICIPATED WORK FOR NEXT PERIOD 

It i s  an t ic ipa ted  that t h e  following work w i l l  be accomplished during the 

next period: 

A. s i l icone  foam w i l l  be evaluated and t e s t e d  a t  cryogenic temperatures 

as a possible  corrugation support material .  

B. Designs w i l l  be completed f o r  t h e  f i r s t  s e r i e s  of t e s t  specimens. 

C. Fabrication of Series h e  t e s t  specimens w i l l  be i n i t i a t e d .  

Page 11 
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TABLE 1 

RESULTS OF UNIAXIAL TENSION TESTS 

(From ASTM E-8*) 

Yield* 
Thickness Strength 

lkt erial  in .  p s i  

1100 Aluminum 0 006 5,42k 

1100 Aluminum 0.008 5,310 

1100 Aluminum 0.012 5,783 

1100 Aluminum 0.016 5,834 

304 Sta in l e s s  s t e e l  0.003 50,296 

304 Sta in l e s s  s t e e l  0.005 41,360 

347 Sta in less  s t e e l  0.003 47,507 

347 Sta in l e s s  s t e e l  0.006 44,607 

U l t i m a t e  
Elongation 
A 

31.1 

35.9 

37.2 

36.5 

29.7 

46-0 

21.7 

31.9 

* 
** Each data poin t  i s  an average of f i v e  t e n s i l e  specimens. 

Yield at, 0.2% o f f s e t .  Table 1 
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Note : L Glass modulus, E - 11.88 x lo6 psi ( assumed, 

2 Dacron modulus, E - l .3 x 106 psi 

1.10 x 10.8 x 106 1 

I I 

&Minimum thickness ( fabrication l i rn ik ion  1 

0.01 0.02 0.03 a04 035 a06 
Longitudinal wrap composite thickness ( in. 1 

PRESSURE REQUIRED TO A l l A I N  0.025 IN./ IN. STRAIN AT 
CRYOGENIC TEMPERATURE VS LONGITUDINAL WRAP THICKNESS 

Figure 2 
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e3 EEWERU 

A Specimen ready for test 

B. 304 stainless steel s ecimen before and 
after test with load t eflection curve 

U N I A X I A L  T E N S I L E  S P E C I M E N  T E S T I N G  

Figure 3 
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AEROJET G- 

A. Polyurethane Foam B. Epoxy Foam 

POLYURETHANE AND EPOXY FOAM SPECIMENS 
AFTER COMPRESSION TEST IN  L IQUID NITROGEN 

Figure 4 
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BI A X I A L  STRAIN FIXTURE IN INSTRON TENSILE TESTING MACHINE 

Figure 5 
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APPENDIX 

GEOMETRIC ANALYSIS 

by 
G. A. Lmde 

I. OBJECTIVE 

This analysis,  which predicts  s t r e s s e s  and def lect ions i n  corrugated 

l i n e r s  subjected t o  combined loadings, 17as developed i n  an e f f o r t  t o  evaluate 

possible  combinations of l i n e r  geometries, materials, and e l a s t i c  support. 

11. SUMMARY 

The equations developed i n  t h i s  analysis  p r e d i c t  s t r e s s e s  a t  c r i t i c a l  

loca t ions  of the  corrugation, which r e s u l t  from specif ied l a t e r a l  def lect ion 

and i n t e r n a l  pressure.  Figure A-1  shows t h e  a n a l y t i c a l  model and loads con- 

sidered. This model consis ts  of three sections,  convex and concave c i r c u l a r  

a reas  and a s t r a i g h t  port ion.  Determination of the  e f f e c t s  of support t o  t h e  

back s i d e  of the  corrugation i s  accomplished by providing negative uniform 

pressure loading t o  the upper c i rcu lar  section. 

The ana lys i s  has been programed f o r  d i g i t a l  computation on the  IBM 
7094. 
the supported and non-supported conditions. B b l e  A-1  l i s t s  the var iables  

considered and t h e  range of each. Evaluation of geometries i n  t h i s  fashion 

has proven economical because t h e  computer analyzes more than 250 configurations 

per  minute. 

Several thousand possible  configurations have been analyzed f o r  both 

Ihta from t h e  ana lys i s  a r e  being evaluated t o  determine in te rac t ion  of 

s t r a i n  and geometry i n  order t o  es tab l i sh  t h e  z loses t  approximation t o  optiinm 

design. 

Page A-1  
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Rough p l o t s  have been made of s t r e s s  vs t h e  parameters Rf3 and t, from 

t h e  pos i t ion  of t h e  data of t h e  unsupported cases. 

a l l  parameters a f f e c t  the  s t r e s s  p ic ture  and tha t ,  by carefu l  consideration 

of each parameter, t h e  s p e c i f i c  combination that produces t h e  lowest s t r e s s  

l e v e l  can be determined. R e v i e w  of  t h e  data from the  unsupported configurations 

ind ica tes  that t h i s  minimum point  l i e s  within t h e  range of parameters evaluated. 

It should be noted that depending on the or ien ta t ion  of t h e  corrugation with 

respect  t o  t h e  chamber axis ,  length of non-corrugated areas, and r e l a t i v e  

coef f ic ien t  of expansion, t h e  s t r a i n  requirement can be magnified great ly ,  

therefore,  increasing t h e  s t r e s s  level .  Equatiom are given, a t  t h e  end of 

t h e  analysis,  which determine t h e  s t r a i n  requirement within the corrugation 

f o r  t h e  magnifying fac tors .  

These p l o t s  indicate  t h a t  

111. ANALYSIS 

Cast igl iano 's  theorem f o r  deflection and ro ta t ion  was u t i l i z e d  i n  a n a l y z 9 g  

the  model shown i n  Figure A-1. 

boundaries of the  corrugation a r e  determined. 

within the  corrugation; it i s  therefore necessary t o  consider t h e  l i n e r  

i n  p a r t s  and t o  then add the  par t s  together t o  obtain the  f i n a l  load d i s t r i b u t i o n .  

By use of t h i s  theorem, unknown loads a t  t h e  

Three d i s t i n c t  regions e x i s t  

A. SECTION ONE - CONCAVE CIElCULAR ARC 

1. Horizontal Deflection by Castigliano ' s  Theorem 

Since t h e  loads are independent of one another, the  def lec t ion  

can be determined f o r  each separately and subsequently added t o  t h e  others  t o  

determine t h e  t o t a l  def lect ion.  

a. Horizontal Load (see Figure A - 1 )  

%H='HA R rcos ~ p - cos (p - 

ap,,= aM R [cos c p - cos (p - $)I 

Page A-2 
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The theorem assumes a p o s i t i v e  def lect ion i n  t h e  d i rec t ion  of 

PHA. 
d i rec t ion  and t h e  sign of aM/aPm must be changed. 

However, i n  t h i s  analysis,  a posi t ive def lect ion i s  i n  t h e  opposite 

where 

b.  Vert ical  Load 

r 
% = pVA R / s i n  p - s i n  (p - 

VA c 

B 

7 

e.  Bending Moment 

8 
MA R2 k o s  f3 - cos (B - 69 dz = - (  1 

E1 J 
0 

- - -  - 

Page A-3 
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and 

a. Pressure 

M = pR2 [l - cos 61 
P 

Report No. 0889-01-1 

6 pR 4 [. - cos $1 [cos f3 - cos (f3 - $)Id$ HA? P E1 
0 

? 4 
= - [3p cos p - s i n  28 - s i n  p ;  E1 

e. Total  &f lec t ion  a t  "A" 

2 ,  Vert ical  Deflection 

a. Horizontal b a d  

6 
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b. Vert ical  Load 

6 
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- - 1 1 PvA 2 [sin B - s i n  (B - $)I2 d$ 
- E1 

4 

0 

D I 

c.  Bending Moment 

dM 
VA, MA = &I MA Rdpl 

B 

MA R2 
- -  [B s i n  p - 1 + cos p] - E 1  

d. Pres sure 

Q 

s i n  f3 - s i n  (B - $)Id# E1 
0 

7 - I" s i n  p - (1 + s i n  2 p )  + cos - E1 2 

e .  Total  Vertical Displacement a t  "A" 

Page A-5 
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3 .  R o t  a t  i on 

M = M, A n 

a M  a= 
MA 

a. 

b. 

1 

H o r i z o n t a l  b a d  

Pm R2 
- -  [-p cos p - s i n  p] - E1 

V e r t i c a l  Load 

1 - dM Rd# 8 - - 1 ! P V A  dMA 
A' 'VA 

B 
- - i  1 :  R 2 Isin p - s i n  (f3 - @)] d# - E1 , 'VA c 

0 

C .  Moment  

e A M  =-,/ 1 MA 
' A  E 1  

B 
- -  1 i  
- E1 I MA 

0 

a M  - Rd# 
aMA 

R d # = -  MAR 
E 1  
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I 
1 
1 
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Geometric Analysis (cont . ) Report No. 0889-01-1 

d. Pressure 

- - E1 L/pF? [l - cos #Id@ 

0 

- P 2 [B - s i n  B] 
- E 1  

e. Total  Rotation a t  "A" 

+ @  
+ 'A, MA A, P 

e = e  + e  
A A,PM 'VA 

B. SECTION I1 - STRAIGHT PORTION 

1. Horizontal Deflection 

3 M  
ap,= - sin 

ps;! % +  2 M =  P S s i n  p + P v B  S cos p + HB 

Because of the  sirqplicity of t h i s  mornent equation, t h e  in-  
t eg ra t ion  w i l l  be ca r r i ed  out f o r  a l l  loads a t  one t i m e .  

Pm L 3 s i n  p PvB L 3 cos p s i n  B h$L 2 s i n  B 
+ 2 + 

3 
+ - - 1 [- 

3 - E 1  
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a : 
Geometric Analysis (cont. ) 

- + ( L  sin p)  8 + ID 
6HB - A 

D -  
1 

Report No. 0889-01-1 

(4 1 

I 

2. Vert ical  Deflection 

+ (L COS p) eA + - 
'VB - 'VA ' 

aM s cos p ap,= 

- P~ s s i n  p + pVB s cos p + % + P+ (S cos @ )  dS 

0 

Pm L 3 s i n  p cos p PVB L 3 2  cos p 
+ 3 

+ 1 
E 1  3 

' 8  

2 
!I3 cos pL cos 

2 
+ 

6 m  - - tivA + (L cos p )  8 + IVB A 

3- Rotation 

8 1 3 = 8 A + / $  $ aM dS 

2 2 PHB L s i n  p PvB L cos p 
2 

+ 1 
2 

L 

e = Q  + I ~  B A  

I 

Page A-8 
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Geometric Analysis (cont. ) Report No.  0889-01-1 

C. SECTION I11 - CONVEX CIRCULAR ARC 

1. Horizontal Deflection 

- 
6H0 - 6HB + R (1 - COS B )  8 +I$ ( -  *) Rd$ 

B "HO 

Mp = - PHo R (1 - COS $) 
HO 

a. Horizontal Load 

- (- ") Rd# 
E 1 ~  HO ap,O 

6H0,P - HO 

b. Vert ical  b a d  

~p = pv0 R s in  # 
vo 

cos + t cos 2 BJ 
J 
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1 
I 
I 
II 
I 
I 
1 
II 
I 
11 
I 

f 
n 

Geometric Analysis (cont. ) 

c. Bending Moment 

1 
6 HO,Mo EI_ 

B 
- Ll MOR2 (1 - cos # )  d# - E1 

0 

Report No. 0889-01-1 

d. Pressure 

In  order t o  include the  e f f e c t s  of support on the  back 

s i d e  o f  the  corrugation, it w i l l  be assumed t h a t  the  support r eac t s  with a 

uniform r a d i a l  pressure over t he  back s ide  of the convex c i r cu la r  a rc .  

e f f e c t  i s  included simply by multiplying the  pressure, p, by a factor ,  7, which 

i s  dependent upon t h e  supporting condition. 

This 

For t h e  condition of no support 
7 = 1 while f o r  90 0 corrugations or those with no s t r a i g h t  port ion 7 = -1 w i l l  

provide a support that r eac t s  the t o t a l  v e r t i c a l  load caused by the pressure.  

Other values of 7 chosen properly w i l l  provide f o r  support when a s t r a i g h t  port ion 

i s  used. 

2 
M = mR ( 1 - COS 6) 
P 

4 - - L/ ypR (1 - COS # ) 2  d6 
E1 

0 

1 4 
= [B p - 2 s i n  p + - s i n  2 B 

4 1  
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I '  
I 
I 
1 

t t  

Geometric Analysis (cont. ) 

e. Total  

2. 

Report No. B8g-01-1 

Horizontal Deflection a t  "0" 

+ R (1 - cos p)  8 + 6 + 6  + 
Ho,PHO 

Vertical I)ef lect ion 

a. Horizontal h d  

1 I 'HO ' [ 3  I 4 - cos p + r; cos 2 p - _ -  
E1 

b. Vertical  Load 

Page A-11 



Geometric Analysis (cont. ) Report No. 0889-01-1 

C .  Moment 

M~R' 
- - L1 - cos 8 '  - E1 

d. Pre s sure 

B 
1 4 - - - (1 - cos 6) sin 6 d@ 

J 
0 

1 1 
4 - cos p + - cos 2 

., 

e. Total  Vert ical  Deflection a t  "0" 

- + ( R  s i n  p )  eB + 6 + 6  + 
%o-  vo, PH0 vo, pvo 

3 .  Rotat ion 
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Geometric Analysis (cont . ) Report No. 0889-01-1 

a. Horizontal Load 

0 = &I% &Mo Rd@ 
O7 'HO HO 

B 
1 = - PHo R2 (1 - COS 6) d# 

0 

- 'HO R2 - - -  
E 1  

b. Vert ical  h a d  

B - s i n  ( 

R2 ( s in  B )  da 

- cos p )  

c. Bending Moment 

B 
1 - - - Mo Rd# 

E1 i 
0 

/' 
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Geornetric Analysis (cont. ) 

d. Pressure 

B 
- - \ ypd (1 - cos 6) d@ 

E I J  
0 

e. Total  Rotation a t  "0" 

Report No. 0889-01-1 

. 
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Geometric Analysis (cont . ) Report N o .  0889-01-1 

D. DETEIiMINATION OF INTERNAL LOADS 

and M result from the  corrugation being deformed 0 
The forces  P 

by the  applied pressure.  

a l s o  result from the  deformation, but can be expressed as a funct ion of the  loads a t  

0 and the  pressure by equations f r o m  s t a t i c s .  It remains therefore  t o  determine 

the  loads a t  "0" which i s  done by evaluating Equations ( 7 ) ,  ( 8 ) ,  and ( 9 )  after they 

are expressed i n  terms of P HO, Pvo, and Mo. Evaluation of the above equations i s  

possible  because the  following quant i t ies  a t  "0" a r e  known 

HO' 'VO' 
The o ther  unknown forces,  PHB, PVg %, Pm, PvA, and MA 

(1 11 

$,, = constant 

e = o  0 

Pvo = 0 

If a l o c a l  r i g i d  support is desired a t  "0" then 6v0 = constant and P vo 
becomes an unknown. 

1. Subs t i tu t ion  of Variables i n t o  Section I by S t a t i c s  
(see Figure A - 1 )  

- - p L s i n  B + 7R (1 - COS Bfl  'HA - 'HO [ 
l e t  

c = 1  1 
I- 

K = - LL s i n  p + yR 1 

then 

P m = C  1 P H O + ! L P  

PVA = Pvo + p [L cos 

= C  P + K 2 p  1 vo 
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1 
I 
I 
I 
I 

where 

where 

Report No. 0889-01-1 

K2 = L cos 8 + yR s in  f3 

M = Mo - pH0 (1 - cos B )  + L s i n  4 + pv0 (R s i n  p + L cos p) A 

+ p [R* (1 - cos p )  + RI; s i n  6 + 7 121 
= C  M + C 2 P H o + C  P + K  1 0  3 vo 3 

I _'  

I '  
I 
I 
I 
8 
I 
i 
i 
I 
1 
I 
8 
I 

Geometric Analysis (cont . ) 

where 

= R s i n  p -+ L cos 8 c3 

K3 = y [R 2 (1 - cos 8 )  + RL s i n  81 + 2 12 

a. Horizontal Deflection 

From Equation (1) 

= c  P + c  'HA 4 HA 5 'VA + ' 6  MA + K4 

3 1  2 c 4 = - 2 E I  R~ [I+ 2 cos 8 )  8 - 5 s i n  8 

4 
cos 8 - s i n  28 - 8 )  R 

K 4  = (38 

(13) 
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Geometric Analysis (cont . ) 1' Report No.  0889-01-1 

I 
1 
8 
I 

where 

I 
I 
I 

b. Ver t ica l  Deflection 

From Equation (2)  

= c  P + C  M + K  p %A 7 HA + '8 'VA 9 A 5 

(B s i n  B - 1 + cos p )  R2 c = -  9 E 1  

1 s i n  B - (1 + s i n  2 8 )  + cos 8 

c c  + c c  

s = c c  + c c  
s4= 1 7  2 9  

5 1 8  3 9  
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8 : 
n -  Geometric Analysis (cont . ) 

~ 

Report N o .  0889-01-1 

where 

s6 = clc9 

D = 5 C 7  + K2C8 + K C + K 
2 3 9  5 

C .  Rotation 

F r o m  Equation ( 3 )  

R2 
cl0 = (B cos B - s i n  8 )  

R2 - -  - 
‘11 E 1  (cos B + B s i n  @ - 1) 

s = ClCl0 + C2C12 

‘8 = cicii + c c  3 1 2  

7 

s = c c  9 1 1 2  

3 1 1 0  D = K C + K2C11 + K3C12 + K 6  
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I 
1-  
I 
8 
1 
I 
8 
I 
8 
1 
8 
1 
I 
8 
I 
1 
B 

I 
a 

Geometric Analysis (cont . ) Report No. 0889-01-1 

2. Subs t i tu t ion  of Variables i n t o  Sect ion I1 by S t a t i c s  
( see  Figure A-2)  

- - PHo - 7pR (1 - COS p )  
pHB 

= '1 'HO + K7 P 

K = - y (1 - COS p)  R 7 
- - Pvo + ypR s i n  p 

pvB 

= c  P + K 8 p  1 vo 
where 

K8 = yR s i n  8 

% = Mo - PHo R (1 - cos p )  + Pvo R s i n  p + ypR 2 (1 - cos 8 )  

= C M + C13 PHo + C14 Pvo + K P (18) 1 0  9 

where 

C = - R (1 - COS B )  13 

C14 = R s i n  f3 

2 K = 7 R  (1 - COS @ )  9 

a.  Horizontal Deflection 

From Equation (4)  

where 

C = L s i n  15 

3 L s i n  p 
3EI C16 = - 
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8 : 
, I  
1 
8 
1 
I 
8 
I 
1 
1 
I 
I 
8 
8 

8 
I 
1 
I 

Geometric Analysis (cont . ) 

where 

8 where 

~ 

_ _  

Report No. 0889-01-1 

3 C cos f3 sin f3 
3EI 

c =  17 

2 L sin !3 - 
‘18 - ~ E I  

4 L sin 8 
5 0  =T 

b. Vertical Deflection 

From Equation (5) 

C19 = L cos f3 

3 - L sin f3 cos f3 
c20 - - 3EI 
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8 : 
Geometric Analysis (cont  . ) 

I 1 4 .  
3 2  - L cos 8 - 

c21 3EI 

I 
t 
8 
8 
8 
I 
1 
8 
I 
8 
I 
I 
8 
I 
I 

where 

- Ld cos p 
c22 - 2EI 

Report No. 0889-01-1 

C .  Rot at  ion 

From Equation (6)  

e = e + c23 pHB + c24 pVB + c25 % + K~~ p B A  

where 

2 L sin f3 c. = -  
23 2FJI 

2 L cos  6 
‘24 = 2EI 
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where 

where 
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3. Subst i tut ing Variables i n t o  Sect icn I11 

a.  Horizontal Deflection 

From Equation ( 7 )  

= R (1 - COS 8 )  '26 

- R3 3 1 c27 - - - (- p - 2 s i n  p + s i n  28) E1 2 

R3 1 
= - (3  - cos p + -& cos 2p) '28 E 1  Ti 
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Geometric A n a l y s i s  ( cont . )  Report No. 0889-01-1 

= - R2 (B - s i n  B )  
‘29 EI 

r3 = 7R4 (F 3 8 - 2 s i n  B + ‘4 1 s i n  28) 

%o = ‘loP~o ’ ‘li’vo ’ ’i?o + D4P + ‘26 (‘16’HO + ‘l?VO 

+ 
+ D6p) + ‘27P~o + ‘28’VO + C  29 M 0 + 53’ 

- - ‘19 ’HO + ’20 ’VO + ‘21 M o + D  7 (22)  

where 

19 = ‘27 + ‘10 + ‘26‘16 

‘20 = ‘28 + ‘11 + ‘2817 

‘21 - ‘29 + ‘12 + ‘26’18 

7 2 6 6  5 3  

- 

D = D 4 + C  D + 

b.  

where 

Ver t ica l  Deflection 

From Equation (8) 

C = R s i n  6 
30 

c = - K T  R3 (3 - cos f3 + 4 1 cos 28) 31 

R2 
‘33 - EI - (1 - cos 8 )  
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Geometric Analysis (cont . ) Report No. 0889-01-1 

I 
1 
8 
8 
8 
II 
t 
8 
8 
8 
8 
8 
I 
8 
B 
8 
1 

1 4 
54 = EI 7 R  ($ - cos 8 + cos 28) 

where 

C .  

where 

Rot at i on 

From Equat.icn (9)  

(B - s i n  B )  R2 
c34 = - E 1  - 

R2 c = - (1 - ccs 8 )  35 E1 

e = s  P 0 16 HO + s17pV0 -+ ‘1#0 + D6P + c34pH0 + ‘35’VO 

(24) 
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4. Solving f o r  P,(jl--pvo, and M 

The loads PHo, 

I 

are determined by solving Equa- M0’ and PVO 6vo 
t i o n s  (22),  (23),  and (24) simultaneously u t i l i z i n g  the  known pressure,  hor izonta l  

de f l ec t ion ,  zero ro t a t ion ,  and v e r t i c a l  d e f l e c t i o n  o r  P vo 

n _ I  

Geometric Analysis (cont  . ) 8 -  
1 
1 
8 
8 
1 
8 
I 
8 
8 
8 
8 
8 
I 
1 
I 
8 
8 

where 

Report No. 0889-01-1 

E .  MGNITUDE OF 6H0 

The hor izonta l  de f l ec t ion  t h a t  a corrugation must undergo i s  dependent 

upon t h r e e  f a c t o r s :  f i lament wound case pressure s t r a i n ;  r e l a t i v e  thermal s t r a i n  

of l i n e r  and case; and o r i e n t a t i o n  of corrugation w i t h  respect t o  t h e  case longi -  

t ud ina l  a x i s .  

Considering Figure A-2, the d e f l e c t i o n  bHO, w i th in  the  corrugation, 

must equal 1/2 t h e  t o t a l  de f l ec t ion  between adjacent corrugations,  

where 

€ 

6 = case shrinkage caused by fi lament winding tens ion  ( i n . / i n . )  

= case s t r a i n  caused by pressure  ( i n . / i n . )  C 
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8 
1 

5 = thermal coeff ic ient  of expansion of t he  l i n e r  (in./in./'F) 

Q: 

AT = t o t a l  change i n  temperature from R.T. (OF) 

= thermal coef f ic ien t  of expansion of t he  case (in./in./OF) 
C 

It must be noted here tha t  the  length,  W ,  used must be the  maximum length  

between corrugations and t h a t  t he  cross sec t ion  through t h i s  length may y ie ld  e l l i p t i -  

c a l  corrugation r a the r  than c i r c u l a r .  It i s  therefore  necessary t o  use approximate 

values of R and B t o  simulate t h i s  f ac t c r ,  which r e s u l t s  from changing o r i en ta t ion .  8 
F. STRESSES 

The s t r e s s  considered w i t h i n  t he  ccrl.llgation i s  the  t o t a l  a x i a l  s t r e s s  

r e su l t i ng  from the  combined hcrizcnta:, and v e r t i c a l  loads and bending moment. 

1. A t  "0" 
8 
1 
8 
8 
1 
I 

= - + -  'HO 6Mo 
0 t - 2  t 

2. A t  "B" 

6MB PHB s i n  6 + PvB cos  @ 

t 
+ -  - 2  

t. 
0 - =  B 

and M a r e  obtained from Equations (16), (17), and (18), respect ively.  and PHB, PvB, B 

3.  A t  "A" 

6MA Pm s i n  f3 + P cos B 
+ -  VA 
- 2  

t t 6 -  8 A 

and Pm, PvA, and M a r e  cbtained from Equations (lo), (111, and (12) .  A 

4. A t  the  Base of Section I 

'H M 
t - 2  t 

r J - = - - + - -  
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Geometric Analysis 

where 

1-  
8 
II 
I 
8 
I 
8 
t 

1 
8 
8 
8 
8 
II 
8 
I 
8 

e 

(cont ) Report N o .  0889-01-1 

P = P  H HA - '13 

M = M B + C13 Pm + C1k FvA + K9 p 
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B 
a 
k 
O 
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m 
m 
E 
+J 
m 

c 

c 
3 
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4 - r m  o a ,  

Table 1 



Deflect ion 
Horizontal, d~ + - 

C O R R U G A T I O N  A N A L Y T I C A L  MODEL 

pvo 

Section II 

'VA 

1 Vertical, dv + 
v Rotation , e  

R e p o r t  No. 0889-01-1 

~ 

Figure A-1  
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rB 

1 
Section A - A rotated 25" 

Section B - B rotated 90" 

TYP I CAL CORRUGATI ON-PATTERN LENGTH DEFl N I T  I ON 

Figure A-2 


